Ten genetic markers were located on six linkage groups in Aspergillusparasiticus by means of the parasexual cycle. Diploids, selected by complementation of spore colour and auxotrophic markers, were subjected to induced haploidization by treatment with benlate. Haploid segregants, including recombinants resulting from mitotic crossing over, were distinguished from diploids by their stability and growth in the presence of benlate. Evidence is presented for the linkage of two genetic markers, norA and verA, which affect the biosynthesis of aflatoxin.
INTRODUCTION
The existence of the parasexual cycle in the imperfect fungus Aspergillus parasiticus was demonstrated by Bennett (1973) and Papa (1978) using spore-colour and auxotrophic mutants obtained by mutagenesis of wild-type strains. Attempts were made by these authors to assign mutant genes, including some which block the production of an important secondary metabolite, aflatoxin, to linkage groups using genetic methods described by Kafer (1958) for A . nidulans and by Lhoas (1967) for A . niger. Papa (1978) located seven genetic markers on four linkage groups including two unlinked markers, afz-Z and afz-2 which block aflatoxin production. Bennett and co-workers (Bennett, 1979; Bennett et al., 1980a) analysed linkage relationships between some auxotrophic and spore-colour mutations and two recessive mutations which affect aflatoxin production, nor-1 and ver-I. Strains carrying the ver-1 mutation produce no aflatoxin but accumulate a trihydroxyanthraquinone (versicolorin A) which is easily identifiable as a bright-yellow mycelial pigment (Lee et al., 1975) . Strains with the nor-1 mutation elaborate less aflatoxin than the wild-type and develop an orange-red tetrahydroxyanthraquinone pigment which has been identified as norsolorinic acid (Lee et al., 1971) . These two compounds are intermediates in aflatoxin B1 biosynthesis (Hsieh et al., 1976; Lee et al., 1976; Singh & Hsieh, 1977; Bennett et al., 19806) .
Bennett and co-workers (Bennett, 1979; Bennett et al., 1980a) were unable to detect linkage between the nor-Z and uer-Z mutations and other genetic markers although linkage of a sporecolour mutation, wh-I, to an auxotrophic mutation, cys-5, was found. Further genetic analysis was hindered by the non-random recovery of certain genotypes amongst segregants from diploids and by the uniform diameter of haploid and diploid conidiospores which hampered the classification of segregant ploidy. Bennett et al. (1980a) found a decreased recovery of auxotrophic markers from diploids which had been grown in the presence of p-fluorophenylalanine for more than 2 d.
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Cross 9-1 x 9-3 Cross 9-3 x 9-5 Cross 9-2 x 9-6 Cross 9-2 x 9-6 Cross 9-2 x 9-6 Cross 9-1 x 9-4 Cross 9-1 x 9-4 Cross 9-1 x 9-3 Cross 9-56 x 9-61 * In accordance with Clutterbuck (1973) the following gene symbols were adopted : white conidial colour, wh;
yellow conidial colour, y e ; brown conidial colour, br; lysine requirement, lys; pyridoxine requirement, p d x ; adenine requirement, ade ; methionine requirement, met; bright-yellow mycelium pigment (versicolorin A), uer ; orange-red mycelium pigment (norsolorinic acid), nor. (Upshall et af., 1977). Growth of A . parasiticus diploids on medium containing benlate enables haploid segregants to be isolated with ease. Benlate tolerance also provides an effective method of distinguishing between haploids and diploids.
In an attempt to reduce selection against auxotrophic alleles, the haploidization medium was supplemented with the nutritional requirements of the parent strains. In addition, haploid segregants were isolated by a method of random recovery, without reference to their spore colour or mycelial pigmentation, in order to reduce the risk of selecting certain genotypes. Using this modified approach to linkage group analysis in A . parasiticus it has been possible to produce a genetic map for use in further studies on this important fungus.
METHODS
Strains and culture conditions. Initially, parasexual crosses were established using six mutant strains isolated from a wild-type strain of A. parasiticus by UV irradiation (Bennett, 1979) (Table 1 ). Additional strains with multiple markers were obtained by recombination (Table 1 ) and were also used in subsequent crosses. The gene symbols adopted by Bennett (1979) have been modified to conform with the recommendations of Clutterbuck (1 973).
Cultures were stored on slopes of complete medium (CM) for routine use, and as dried conidial preparations on silica-gel (Perkins, 1962; Roberts, 1969) for long-term preservation. The complete medium contained (g I-') :
Oxoid yeast extract, 2.5; Oxoid malt extract, 5.0; glucose, 10.0; Sigma agar, 20.0; CuS0,.5H20, trace. The minimal medium (MM) was prepared as described for A . nidulans by Pontecorvo et al. (1953) . Nutritional supplements were used at the following concentrations (pg ml-l): adenine, 50; lysine, 200; methionine, 50; pyridoxine, 0.5. Benlate was obtained from E. I. du Pont de Nemours and Co., and was added to CM at a final concentration of 3 . 5 4 0 pg ml-I. An incubation temperature of 28 "C was used throughout. Parasexual analysis. Heterokaryons were produced using a modification of the method described by Pontecorvo er al. (1953) : spores of two parental strains were inoculated into liquid MM supplemented with Difco Casamino acids (2 g I-') and Oxoid yeast extract ( 5 g I-'). After 1-2 d the mycelium was washed in sterile distilled water and teased apart into small pieces on MM agar. Vigorous heterokaryons developed and conidial suspensions prepared from them were plated on to MM to select diploids. Due to the multinucleate nature of conidiospores of A . parasiticus (Yuill, 1950) , heterokaryons as well as diploids appeared on the MM selection plates, although the latter could easily be distinguished as green-sporing colonies amongst a lawn of mixed parental spore colours. The conidial genes act autonomously, as demonstrated for other genes with a similar function in A . parasiticus (Papa, 1978) . Thus some of the multinucleate heterokaryotic conidia were green, but these could be distinguished from green diploid spores by their location. The former occurred in mixed conidiophore heads with parental coloured 
-1 b e A I lysA2) 9-3 (adeAI norAI brAl) 9-3 (adeA1 norAl brAl) 9-1 b e A I lysA2) 9-3 (adeAZ norAl brAl) 9-2 (brAI pdxAI) 9-31 (adeAI lysA2 norAl yeA I brA I ) 9-56 (pdxA I lysB6 brAl verA I ) 9-33 (pd.uA2 norAI brAZ) 9-56 (pd.uA I lysB6 brA I 9-67 (adeAI lysA2 brAI) verA I ) 9-3 (adeAI norAl brAI) x 9-3 (adeAI norAI b r A l ) x 9-4 (whAI metAl) x 9-6 (whAl verAI IysB6) x 9-4 (whAI metAI) x 9-6 (whAI verAI IysB6) x 9-55 (pdxAI verAl whAI x 9-63 (lysA2 metAI y e A I ) conidia. Diploid conidia were found in discrete clones. Single-spore isolates were obtained from presumptive diploid colonies and their ploidy confirmed by stability on CM and segregation of recessive markers when grown in the presence of benlate. For genetic analysis, haploidization was achieved by inoculating diploid spores on to CM containing benlate and the nutritional requirements of the parent strains. After 7-10 d incubation, haploid sectors with mutant wildtype spore colours could be seen growing vigorously from the inoculum points. Segregants were isolated on a random basis; conidiospores were taken from only one sector arising from each inoculum point, using a fixed reference direction to avoid bias in the choice of sector. After purification, segregants were assembled on master plates and replica-plated to MM containing appropriate combinations of growth supplements to determine their nutritional requirements. The presence of the norAI and verAI markers was determined by the visual identification of norsolorinic acid and versicolorin A as distinctive orange-red and yellow mycelial pigments, respectively. The haploid nature of segregants was confirmed by their ability to grow in a stable manner on medium containing benlate at a concentration of 3-5-40 pg ml-l which is inhibitory to diploids. It was also possible to distinguish between green-sporing haploids and diploids by the occasional appearance, in the latter, of patches of mutant conidial colour which revealed the segregation of recessive gene markers. The spore colour of diploid colonies was also paler than that of haploids.
RESULTS A N D DISCUSSION
The lysine mutants (originally lys-2 and lys-6) showed complementation in heterokaryons, indicating that they are non-allelic. Thus the gene symbols for these loci have been amended to lysA2 and lysB6, respectively. The pyridoxine mutants (originally pdx-l and pdx-2) did not complement; they are believed to be allelic and will be referred to as pdxAl and pdxA2, respectively.
Twelve crosses were made between strains bearing complementary auxotrophic and sporecolour markers (Table 2 ). The frequencies with which different spore colours were recovered amongst segregants did not differ significantly from 2 : 1 : 1, thus suggesting that whAl is epistatic to both yeAl and brA2 and that yeAl is epistatic to brAI. Confirmation of the epistasis of both whAl to brAl and yeAl to brAl was obtained when phenotypically white (strain 9-55) and yellow (strain 9-31) haploids combined to form a brown diploid (cross G), indicating the presence of the brAl mutation in both of the parent strains. Subsequent haploidization of the diploid yielded brown, yellow and white sporing sectors. Epistasis of white to brown sporecolour mutations is also found in A . amstelodami (Caten, 1979) ; in A . nidulans white is epistatic to yellow (Clutterbuck, 1972 ) and a brownish spore colour mutant (fwA) is almost epistatic toyA (A. J. Clutterbuck, personal communication). Segregation at loci involving nutritional markers generally followed the expected pattern of 1 : 1 (auxotroph : prototroph) amongst haploid progeny, although there were a few exceptions despite supplementation of the haploidization medium with the growth requirements of the parents. There was no apparent correlation between the type or number of genetic markers used in a cross and the non-random recovery of alleles. This phenomenon has been reported frequently in parasexual studies with aspergilli (e.g. Bennett, 1979; Bennett et af., 1980a; de Bertoldi & Caten, 1979; Lhoas, 1967; Papa, 1979) .
Segregation of alleles at the norA locus was examined in seven crosses; significantly more norA1 than wild-type progeny were obtained in four. Similarly, an excess of verA1 mutants was found in two crosses out of four. This is in contrast to the findings of Bennett et a f . (1980a) that 50% or fewer segregants carried the verA1 marker and that the proportion of norA1 segregants was less than 40%. However, parasexual analysis of a norsolorinic acid mutation in A.Jlavus (Papa, 1982) showed that in some crosses the mutant allele was recovered in excess whilst in others the wild-type was isolated more frequently. Thus the blocked mutants norA1 and verA2 do not seem to have a consistent competitive advantage or disadvantage over the wild-types. It would be of considerable interest to determine factors which influence the recovery of mutants which are blocked in aflatoxin biosynthesis. The toxigenicity of a field population of A . parasiticus could conceivably be lowered by conditions favouring the spontaneous development of blocked mutants.
The frequencies of different segregant types obtained by haploidization of diploids B, J and L are shown in Table 3 . The segregation of adeA1 and metA1 from diploid B suggested that they are linked; no recombinants were isolated amongst 180 haploid segregants. Similarly, only five recombinants were obtained between metA1 and pdxA1 from 153 segregants of diploid J, thus Table 4 .
Combined results of genetic recombination between markers in twelve parasexual crosses (A-L)
The letters in parentheses refer to parasexual crosses A-L.
P, number of parental segregants; R, number of recombinant segregants. t Significantly different from expected segregation when tested using contingency K ' . linkage of metA topdxA is postulated. Diploid J was also heterozygous for lysA2 and lysB6 and although the diploid was prototrophic, confirming the complementation of these two mutations, only one lysine-independent segregant was isolated, which suggested that lysA and lysB are linked. Linkage of adeA to pdxA was shown in cross L; only one recombinant was present amongst 180 haploid progeny. A significant finding with respect to aflatoxin production by A . parasiticus was the linkage of the blocked mutations norAl and uerAl. Of 180 segregants from diploid L, only one recombinant was recovered which had neither orange-red (norsolorinic acid) nor bright-yellow (versicolorin A) mycelial pigmentation. Since norsolorinic acid lies earlier in the aflatoxin biosynthetic pathway than versicolorin A, it is likely that norA is epistatic to uerA, in which case norAl verAl recombinants would appear as phenotypically norAl segregants. However, if norA and verA were located on separate linkage groups and free recombination occurred during haploidization, one-quarter of the progeny should be wild-type at both loci. Linkage of norA to verA is also demonstrated by cross G ; no wild-type recombinants were isolated from 168 segregants.
YeA
The results obtained from all 12 parasexual crosses are summarized in Table 4 , which shows the frequencies of parental and recombinant-type progeny for each pair of gene markers. Nonlinkage of all pairs of loci, apart from those mentioned above, is shown by the recovery of recombinants in frequencies which are not significantly different from the expected values, from at least one parasexual cross. The combined results suggest the existence of at least six linkage groups in A . parasiticus, as shown in Table 5 . The linkage of whAl to cys-5 (now reclassified as cysA5) which was detected by Bennett et al. (1980a) has been included in the genetic map. In view of the unknown complementation relationships of genetic markers used in this study with those used by Papa (1978) , a comparison of the two linkage maps is not yet possible. The present results confirm the findings of Bennett (1979) and Bennett et al. (1980a) who also suggested non-linkage between several combinations of the same markers which have been used in the present study.
The low frequencies of segregants which are recombinant for linked markers indicate that with the procedures adopted in these experiments, crossing-over prior to haploidization was not so frequent as to confuse whole chromosome segregation. However, it is not yet possible to determine the relationship of norA and verA to each other on linkage group V or to other genes involved in aflatoxin biosynthesis. The findings of Papa (1978) that two mutations, a$-l and aJI-2, which impair aflatoxin production in A . parasiticus, are unlinked, suggests that genes involved in the biosynthetic pathway are dispersed throughout the genome. Since A . parasiticus has no known sexual cycle, the ordering of genes within linkage groups will be achieved most easily by the identification of appropriately situated selective markers which enable some of the products of mitotic crossing-over to be identified in a diploid population which is largely heterozygous (Pontecorvo 8z Kafer, 1958) . It is hoped that, with the allocation of more genetic markers to the linkage groups of A . parasiticus, the mapping of genes within linkage groups can commence. As well as the spore-colour mutations it may be possible to use norA and verA as selective markers in mitotic analysis (Papa, 1982) . An alternative approach to linkage group mapping could involve the use of disornics (Upshall et al., 1979) .
The present study confirms that the mapping of genes in A . parasiticus is possible using the parasexual cycle. The fortuitous association of mycelial pigmentation with reduced aflatoxin production in some mutants should facilitate the elucidation of the genetical basis of aflatoxin production.
